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Abstract 
The purpose of this study is to analyze the fluid mechanics and frequency of forces acting on a knuckleball, specifically a soccer 
ball that was kicked and was in flight, was visualized using a smoke agent (titanium tetrachloride), and its unsteady aerodynamics 
were investigated. In the case of the knuckleball, the peak value of the vortex lift reached approximately 2.0 N, and the average 
vortex lift force frequency of approximately 3.5 Hz. A comparison of this vortex lift frequency and vortex oscillation frequency 
indicated that these frequencies tended to act in unison with a high statistical correlation (r = 0.83, p < 0.01).  
© 2009 Published by Elsevier Ltd. 
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1. Introduction 
In sports, balls are influenced by the aerodynamics as balls move through the air. Since Rayleigh [1] investigated 
aerodynamic movements of balls in sports as a scientific way, lots of studies on the aerodynamics of sports balls 
have been reported [2, 3, 4 and 5]. Also, a review study [6] on this topic was presented. However, there have been 
few such studies on soccer balls [7, 8]. Asai et al. [8] investigated wind tunnel tests for verifying the basic dynamic 
characteristics of spinning and non-spinning actual soccer balls at a stationary state. However, these studies have 
implemented based on the measurement and estimation of aerodynamic parameter as a time mean way at a stable 
stationary state. There are very few studies on the aerodynamic characteristics at an instability state. Moreover, it is 
easy to find the non-spinning or low-spinning soccer balls in recent soccer games in which the trajectory of balls 
represents a characteristic of swing that is called as a knuckle effect or knuckleball as an unsteady phenomenon [9]. 
Also, it is necessary to explain an aerodynamic mechanism related to the effect.  
The purpose of this study is to analyze the aerodynamic force and frequency that affect the flying knuckleball 
kicked by an actual soccer player using high-speed video cameras and considered the unsteady aerodynamic 
characteristics of the knuckleball. Furthermore, the fluid around the knuckleball in flight was visualized using a 
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smoke agent (titanium tetrachloride), and an attempt was made to clarify the fundamental fluid mechanics expressed 
by the knuckleball as well as to analyze the vortex dynamics. 
2. Methods 
2.1. Measurement of unsteady aerodynamics 
This study measured the trajectory of a flying ball kicked by an actual kicker and visualized the air flow around 
the ball by coating a smoke agent on the surface of the ball. Three soccer players who have highly skilled kicking 
ability were selected for the subjects. The analysis was subject to the case where 12 times of the kicked balls were 
reached to the goalpost in which knuckle effects were observed as a significant level. Also, three times of straight 
balls kicked by instep kicks were also analyzed for comparing them with knuckleballs. Balls were halted at the 
distance of 25 m in front of the goalpost, and a high-speed video camera (1000 fps) and a semi-high-speed video 
camera (300 fps) were installed at the side of the halted position with a distance of 8 m (Figure 1a). The semi-high-
speed video camera was used to observe the movement of the vortex in the trajectory and around the ball. Also, the 
high-speed video camera that has a narrow range in camera lens and high resolution was used to measure the 
coordinate of the ball at specific time intervals. In addition, because it was estimated that the trajectory of the ball 
showed a large change in the half and second half periods during flight, the lens (images) range of the high-speed 
video camera was focused from the half to the second half period. Therefore, the images that are to be analyzed can 
be explained as second dimensional images at the side based on the half and second half periods. 
a                                                                                      b
Figure 1. Set up of experiment (a), and the definition of aerodynamic force and the coordinate system (b).  
In this study, two dimensional images were determined as the subject of the analysis. Thus, the motions can be 
explained by two linear motions and one rotational motion. Therefore, the inertial coordinate system applied in this 
study was determined by the front side of the ball. Also, x and y coordinates were determined by the horizontal and 
vertical directions of the goalpost, respectively (Figure 1b). The accelerations for the x and y directions of the ball 
were determined by ax and ay, respectively. Also, the angle of attack for the flight direction of the bass was 
configured by θ, and the equations of motion for the ball were defined as following Eqs. (1) and (2).  
D m a g ay x= − + +(( ) sin cos )θ θ 㸦1㸧      L m a g ay x= + −(( ) cos sin )θ θ 㸦2㸧
In the above equations, D is drag force, L is lift force, U is the flow velocity, m is the mass of the ball, and g is 
the gravitational acceleration.  
The drag and lift forces applied to the ball were calculated using Eqs. (1) and (2) after obtaining the acceleration 
of the ball through the inertial coordinate system. The ball trajectory observed in this study showed some rotations 
rather than perfect non-spinning. Then, the Magnus force (M) was calculated by substituting the spin parameter (Sp) 
calculated by using Eq. (6) to the value determined by Carré et al. [6] after obtaining the number of rotation in the 
ball from the digitization of the surface of the ball under the consideration that the rotation may affect the lift force. 
In addition, the force caused by the vortex besides the Magnus through subtracting the Magnus force from the lift 
force was obtained as a vortex lift force (LV) as presented in Eq. (7). The aerodynamic forces calculated in this test 
2456 S. Hong et al. / Procedia Engineering 2 (2010) 2455–2460
S. Hong et al. / Procedia Engineering 00 (2010) 000–000 
were converted into the drag coefficient (Cd), lift coefficient (Cl), and Magnus coefficient (Cm) using Eqs. (3), (4) 
and (5). Then, the characteristics of the instability undulation occurred at the rear of the object were defined as a 
non-dimensional number for calculating the Strouhal number (St) as noted in Eq. (8). Most of the calculated lift 
forces showed smooth undulation waveforms in which the frequency of the vortex lift force (fLV) at the St low-mode 
association was obtained by calculating the time for the next peak point at the peak point of the force.  
Cd = 
D
U A
1
2
2ρ
  (3)           Cl  =  
L
U A
1
2
2ρ
  (4)         Cm  =  
M
U A
1
2
2ρ
 (5) 
In the above equations, ρ is the density of air (1.2 kg/m3), U is the flow velocity, and A is the projected area (m2) 
of the soccer ball. 
Sp = ωR / U   (6)           L = M + LV   (7)           St = nd / U   (8) 
In the above equations, R is the radius of the ball, ω is angular velocity, n is frequency, and d is the diameter of 
the soccer ball. 
2.2. Flow visualization of vortex 
For investigating the flow of vortex around the soccer ball during flight, a smoke agent (titanium tetrachloride) 
was thinly coated on the surface of the ball, and then the measuring periods were determined. The experimental 
procedure was as follows. Each soccer ball was brush-painted with titanium tetrachloride, placed on a designated 
spot and then kicked towards a goal. As the ball flew towards the goal, the air flow around it was revealed by white 
smoke produced by the titanium tetrachloride. Photographs were taken using high-speed video cameras. Finally, the 
ball was collected and cleaned.  
In the images of vortexes obtained by the visualization test, most images represented smooth undulation 
waveforms in which the frequency of the vortex street (fLs) at the St low-mode association was obtained by 
calculating the time for the next peak point at the peak point of the displacement coordinates of the vortex. 
3. Results and Discussion 
3.1. Displacement, Velocity, and Acceleration of knuckleballs 
In an example of the displacement of knuckleballs where the initial velocity was about 23 m/s, although the 
trajectory of the ball was presented at the second half period in its flight, a parabola shape was observed. In addition, 
in the comparison of the example with the straight trajectory generated by instep kicks, it is evident that the change 
in the trajectory at the second half period of the ball flight represented a large level than other periods. Also, in the 
comparison of the vertical velocity for these cases, it can be considered that knuckleballs showed an increase in the 
velocity forward to the lower direction compared with that of the straight balls. In the comparison of the acceleration, 
although the accelerations of knuckleballs were influenced by the gravity compared with that of the straight balls, 
the knuckleball showed a large scale of undulation. Moreover, the tendency was observed as the same shape in other 
periods in knuckleballs. In the undulation waveforms for the accelerations of knuckleballs, they showed certain 
types of waveforms that close to irregular movements rather than regular undulations. Also, it is considered that it 
shows a very strong level in the unsteady phenomenon.  
3.2.  Drag and lift forces of knuckleballs 
Regarding the drag force (D) and vortex lift force of knuckleballs (LV), they showed larger changes in its values 
than those of straight trajectory balls (Figure 2). In the consideration of the relationship between the Reynolds 
number and the drag force in non-spinning soccer balls through wind tunnel tests [8], the sub-critical and super-
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critical regions were obtained by about 0.43 and 0.15, respectively. Also, in the case of the critical Reynolds number 
(Recrit) for the official soccer ball in 2006 (+Teamgeist) was about 3.0×10
5.  
Figure 2. An example of lift and drag force acting on a knuckleball and a normal straight ball.  
Although this study represented a change in the value of the drag coefficient (Cd), which was determined by 0.16, 
according to the change in time, it showed a close value of the drag coefficient about 0.15, which is the value of a 
super-critical range obtained by wind tunnel tests, in general. However, the vortex lift force in knuckleball was 
about 2 N and that represented a larger value than the maximum vortex lift force about 0.5 N generated by straight 
trajectory balls. The vortex lift force showed large changes in its value according to the change in time. In addition, 
the value of the vortex lift force was the compensated lift force (LV) in which the Magnus force (M) caused by the 
rotation of balls was subtracted from the lift force (L). Then, it can be considered that it represents a force generated 
by certain factors besides the rotation of balls where the tendency that shows a large undulation in the vortex lift 
force in knuckleballs showed a similar way in other periods (Table 1). In addition, the value of the lift coefficient 
(Cl) in knuckleballs measured in this test was about 0.2 and that showed a larger value than the value about 0.04 in 
the straight trajectory balls kicked by instep kicks. Therefore, in the case that shows a small change in the width of 
lift forces, it can be considered as normal straight trajectory balls. Also, in the case that represents large shakes, it 
can be determined as knuckleballs or breaking balls near to the knuckleballs.  
Table 1. Reynolds number (Re), peak vortex lift force (LV), lift coefficient (Cl), spin parameter (Sp), coefficient of Magnus force (Cm), frequency 
of  vortex lift force (fLV) and frequency of vortex street (fVS).  
3.3.  The vortex dynamics of knuckleballs  
In this test, for considering the large scale vortexes generally presented in the images (vortexes generated from 
the period after about 0.5 second from the ball just appearing in the screen), there were some vortexes that were 
aligned with some vortex lumps from the deformation and union of the vortexes [10], which were continuously 
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discharged (Figure 3). Regarding the large scale vortex structure (far wake) through wind tunnel tests [11], in the 
case of the value of Re determined by 2.4×104, it represented an alternation type of vortex shape. However, in the 
case of the value of Re determined by 6.0×105, it represented a deflected linear flow to the wake flow. Although the 
soccer ball showed certain differences in its shape compared with that of smooth spheres, it can be seen that the 
knuckleball considered in this study showed a large scale structure as a medium scale between the soccer ball and 
the smooth sphere. Moreover, in the upper and lower changes in the large scale structure of the far wake in 
knuckleballs, a type of irregular undulation was observed in this case. The large scale undulation can be expected as 
a trace of vortex motion presented at the discharge of vortexes. Also, it can be seen that the reaction of this motion 
affected the motion of the ball directly. In addition, in the vortex undulation in this large scaled figure, it showed a 
large scale in its level significantly in knuckleball but a small scale in its level in the case of the straight trajectory 
ball (Figure 3). Therefore, it can be considered that it is a type of mechanism that generates certain irregular forces 
in which the undulation occurred in a large scale vortex structure of wake flows in knuckleballs affects the ball.  
Figure 3. Comparison of the vortex street of a knuckleball (a) with that of a normal straight ball (b). A large scale undulation of vortex street is 
observed in the case of the knuckleball (Flow is from left to right). 
3.4. Frequencies of the vortex lift force and vortex street at a low-mode.  
For considering the overlap of the dynamic behaviors between the trajectory of knuckleballs and the vortex 
undulation, it can be seen that the vortex discharged from the trajectory of balls undulated upper and lower 
directions (Figure 4a). Although the large scale undulation trajectory and the ball trajectory represented as different 
ways, it showed a reverse phase in the comparison of the waveform of the lift force of vertexes applied to the 
undulation waveforms and balls (Figure 4b). In addition, in the case of the knuckleballs at other periods, it showed 
the same shape as the soccer ball (Table 1). In the comparison of the frequencies between the vortex lift force and 
the vortex street (Figure 5), these two frequencies were linked, and the relationship between these frequencies 
represented a high correlation statistically (r = 0.83, p < 0.01). As mentioned above, irregular lift forces applied to 
the knuckleballs were largely caused by the large scale vortex undulation.  
Figure 4. Relation between large scale undulations of vortex street (a) with vortex lift force (b) in real flight of a soccer ball. Ball trajectory using 
a digital technique (a) (Flow is from right to left). 
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Furthermore, the knuckleball was observed to have an average vortex lift force frequency of approximately 3.5 
Hz. Then, the value of St was about 0.03 by estimating it as a frequency mode in vortexes. The value showed one 
digit smaller value than that of the low mode, 0.2, in smooth spheres [12]. Although it showed certain differences in 
the shape between the smooth sphere and the soccer ball, there is a possibility of the presence of St that can be 
considered as a super low-mode compared to that of the high and low-modes in soccer balls.  
Figure 5. Correlation between frequency of the vortex lift force (fLV) and vortex street (fVS).  
4.  Conclusion 
In this study, the fluid force and its frequency applied to the soccer ball during flight through actual kicks were 
analyzed using high-speed video cameras in which the unsteady aerodynamic characteristics were investigated. In 
addition, the fluid around the knuckleball during flight was visualized using a smoke agent (titanium tetrachloride), 
and the dynamic behavior of the vortex in the trajectory and the fluid dynamic basic mechanism in the cause of 
knuckleballs were also investigated. The results of the investigation can be summarized as follows. In the case of 
knuckleball, the value at the peak point of the lift force of vortexes was about 2.0 N and that is larger than that of the 
straight trajectory balls, about 0.5 N. Furthermore, the knuckleball was observed to have an average vortex lift force 
frequency of approximately 3.5 Hz. In the comparison of this frequency with the frequency of the vortex undulation, 
these two frequencies were linked, and the relationship between these frequencies represented a high correlation 
statistically (r = 0.83, p < 0.01). Therefore, the undulation presented in the large scale vortex of the wake flow in 
knuckleballs can be considered as a basic mechanism that generates irregular forces applied to the balls.  
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